The freshwater crayfish Procambarus clarkii is an animal model employed for physiological and immunological studies and is also of great economic importance in aquaculture. Although it is a species of easy husbandry, a high percentage of its production is lost annually as a result of infectious diseases. Currently, genetic information about the immune system of crustaceans is limited. Therefore, we used the abdominal nerve cord from P. clarkii to obtain its transcriptome using Next Generation Sequencing (NGS) to identify proteins that participate in the immune system. The reads were assembled de novo and consensus sequences with more than 3000 nucleotides were selected for analysis. The transcripts of the sequences of RNA were edited for annotation and sent to the GenBank database of the National Center for Biotechnology Information (NCBI). We made a list of accession numbers of the sequences which were organized by the putative role of the immune system pathway in which they participate. In this work, we report on 80 proteins identified from the transcriptome of crayfish related to the immune system, 74 of them being the first reported for P. clarkii. We hope that the knowledge of these sequences will contribute significantly to the development of future studies of the immune system in crustaceans.
Introduction
Decapod crustaceans show a high capacity for living in diverse environments. The freshwater crayfish Procambarus clarkii is a species widely used in physiological studies in diverse laboratories and as a biomarker in contaminated ecosystems [1] ; it can even be a predator [2, 3] , which suggests that it is an adaptable organism with an efficient immune system. However, during its husbandry, the crayfish is impacted by diseases that cause considerable losses to farmers.
Procambarus clarkii has been considered one of the three viable species as a model of crustaceans [4] . It is also one of the most farmed shrimp species for human consumption, with production estimated in 2014 by the Food and Agriculture Organization at 6.9 million tons of crustaceans (USD 36.2 billion), of which 723,288 tons corresponded to the cultivation of P. clarkii [5] . Because of the economic value of its production worldwide, it is important to limit and effectively control infections that can diminish its profitability.
The interrelation of the neuroendrocrine system with the immune system forms an essential regulatory network in the homeostasis of both vertebrate and invertebrate [6] alterations in the immune system, triggering effects that are essentially related to changes in mRNA expression [7] , therefore, the study of the immune system of these invertebrates and knowledge of the molecular mechanisms that constitute it are of great importance. However, the genomic data available are limited for crustaceans in general; for example, some projects such as the i5K [8] , which plans to obtain the genomes of 5000 species of insects and other arthropods, has so far only included three species of Decapoda (Caridina multidentata, Marsupenaeus japonicus, and Penaeus monodon) [9] . The first crustacean genome sequenced was Daphnia pulex, which made it easier to identify the components of its immune system [10, 11] . Since then, another 18 genomes of crustaceans have been sequenced, although only four are decapods: Procambarus virginalis (BioProject PRJNA356499) Caridina multidentata (BioProject PRJDB4543) Marsupenaeus japonicus (BioProject PRJNA387410), and Penaeus monodon (BioProject PRJNA387410).
Recently, several authors have published the transcriptome sequences of different tissues from P. clarkii in the GenBank database, but so far (June 2018), there have only been 801 protein sequences with annotation for this species.
The growing number of raw sequences deposited in the databanks contrasts with the few sequences with annotation, and so limits the research with automatized identification methods such as in the immune system of crustaceans [12] .
A few years ago, the characterization of a protein required molecular biology processes such as polymerase chain reaction (PCR), cloning, and Sanger's sequencing, which allowed obtaining a limited number of sequences at once. The Next Generation Sequencing (NGS) technologies allow us to obtain thousands of high-quality sequences in any species with considerable advantages in the reduction of time and costs [13] .
We applied NGS to obtain the transcriptome of the abdominal ganglionic cord of the crayfish P. clarkii. Until now, the eyestalk and the identified genes of the neuroendocrine system explicitly produced in this structure has been the only anatomical region of the nervous system to be analyzed at the molecular level [14] . Therefore, the analysis of the abdominal ganglionic chain that we present in this work is a complement to integrate the knowledge of the nervous system of this species, with the purpose of identifying specific sequences to facilitate the design of molecular tools for its particular study. During the bioinformatic analysis, we identified several proteins that participate in the immune system; we performed a manual Basic Local Alignment Search Tool (BLAST) search for the obtained transcripts and identified several molecules involved in the immunity system of invertebrates.
The major part of the molecules identified have not been previously reported for P. clarkii, and some of them have also not been reported for other decapod species. With this work, we aim to contribute to the future study of the immune molecular mechanisms in this species, since knowing these sequences will allow the design of specific molecular tools for their characterization and study.
Materials and Methods
We used four adult P. clarkii crayfish of both sexes in their intermolt stage. The animals were acquired from a local provider and kept in the laboratory in aerated water containers for two weeks prior to the experiments, with a program of 12:12 h of light-dark cycles and fed with carrots and dried fish. The care and handling of the animals during the experimentation procedures were carried out according to the policies of the Society for Neuroscience [15] . This study was approved by the Ethic Commission of the Faculty of Medicine, UNAM with code 86/2016.
Total RNA was extracted from the abdominal nerve cord by using the Trizol LS reagent (Catalog number SKU 10296028, Invitrogen Co., Carlsbad, CA, USA) in accordance with the manufacturer's protocols. Briefly, Trizol solubilizes the biological material after the addition of chloroform (Catalog number P3803, Sigma-Aldrich, St Louis, MO, USA) producing two phases: the upper containing RNA and the lower containing proteins. The upper phase was transferred to a new tube, the RNA was precipitated with isopropanol (Catalog number I9516, Sigma-Aldrich, St. Louis, MO, USA) and collected by centrifugation, after which the pellet was washed with 75% ethanol (Catalog number E7023, Sigma Aldrich Co., St. Louis, MO, USA). Then, after the ethanol was carefully removed, the pellet was resuspended in RNase free H 2 O and stored at −80 • C. We used 5 µg of total RNA to obtain the cDNA libraries according to the manufacturer's protocols for an Illumina TruSeq RNA Library Preparation Kit v2 (Catalog number RS-122-2001, Illumina, San Diego, CA, USA). The Illumina paired end protocol 150 bp sequencing was completed. The library obtained was sequenced using the MySeq Reagent kit v3 (Catalog number MS-102-3001) system following the manufacturer's protocols to obtain the abdominal nerve cord transcriptome.
The Illumina system displayed 40,867,860 raw reads; we used support from the Galaxy Web Portal to execute a de novo assembly with Trinity software [16] [17] [18] . According to information on the Galaxy portal, "Trinity is a de novo transcript assembler that uses RNA-seq data as input. This tool runs all Trinity commands Inchworm, Chrysalis, and Butterfly in a single pass. This version of Trinity runs on Bridges at the Pittsburgh Supercomputing Center using a version of Trinity 2.2.0 optimized for the unique memory profile of that system".
The raw reads generated by Illumina MySeq were uploaded to the Galaxy web platform to analyze the data. The reads had quality scores higher than 30, so the adapter sequences were trimmed before we performed the assembly with default parameters, obtaining 53,967 sequences in FASTA files, which were filtered by length with FASTA manipulation, a tool available in the Galaxy portal; next, we obtained 596 assembled sequences with lengths of 3000 to 12,000 nucleotides. The results of the analysis from the Galaxy platform were locally visualized with Mega 7 [19] .
During the analysis, we found the sequences in both senses 5 →3 -and 3 →5 -for the same transcript, so in general, it was possible to determine the accuracy of the assemblies obtained. In many cases, we identified several sequences of the same protein with a different extension, so it was possible to make assemblies when the ends were correctly overlapped and allowed us to complete longer consensus sequences.
All transcripts were manually analyzed. The nucleotide sequences were in silico and translated according to the longest open-reading frames into protein sequences using the ExPASy translate tool [20] ; the deduced amino acids sequences were compared with the BLAST program to search for homologous proteins reported for species in the National Center for Biotechnology Information (NCBI) (Bethesda, MD, USA) [21] . Homologous sequences of P. clarkii and other species were retrieved from GenBank [22] . We performed the alignment with ClustalW [23] , and confirmed conserved domains, families, and functional sites by consulting the Prosite database [24] , with protein function revised in the UniprotKB/Swiss-Prot database [25] . The identification of RNA transcripts in this study were edited and deposited in the NCBI.
Results

Transcriptional Identification of Related Proteins in the Immune System of the Crayfish
We analyzed 596 transcriptomic sequences of 3000 to 12,000 nucleotides. During the analysis, we identified 80 mRNA molecules that were related to the immune system of decapods and arthropods. The information obtained for each sequence was used to integrate six tables according to the different known metabolic pathways of the crayfish immune system [26] [27] [28] . Additionally, we included transcripts that were involved in hematopoiesis [29] and endocytic routes [30] .
The tables are organized as follows: the first column shows the name of the protein deduced from the transcriptome obtained from the crayfish P. clarkii. The second column indicates the number of nucleotides of the sequence reported by us, the number of amino acids (aa) deduced in silico from the sequence of P. clarkii with the best match with other species, and the accession numbers assigned by GenBank are included in the third and fourth columns, respectively. For all the sequences, we verified the existence of preserved domain profiles in the Prosite database, and correlated the function described for these proteins in the UNIPROT database; in the last column of each table, the functional activity determined from this database is briefly included for each protein.
The new sequences we identified in the abdominal nervous cord transcriptome of P. clarkii had 100% and 99% similarity with six sequences previously reported in this species; these results indicate the reliability of the results presented in this work. We found another three sequences that presented the highest homology with proteins that have already been reported for this crayfish, but with similarities of 44%, 48%, and 88%. The other 74 sequences in this text have not been previously reported in the GenBank database for the crayfish P. clarkii.
In Tables 1 to 6 , we describe the homology of 75-99% with sequences reported for some other decapods of the species Pacifastacus leniusculus and Litopenaus vannamei, where there has been progress in the characterization of the molecular mechanisms of their immune system [31, 32] . For comparison, we have included the 80 transcriptomic sequences described in this work as Supplementary Material S1. The similarity of the Procambarus clarkii's sequences with species such as Hyalella azteca are highly variable (37-93%); this small amphipod crustacean is one of the few crustaceans that has a sequenced genome and an increasing list of proteins with annotation; this has allowed us to identify homologous proteins in P. clarkii as a result of scarce sequences with annotation in other crustaceans. Some of the sequences reported here showed a lower similarity with crustaceans such as the Caridean hydrothermal vent shrimp Rimicaris aff. Exoculata (36%) as well as oysters, insects, and a mammal (21% and 27%). It should be noted that in these latter cases, although it had a low percentage of similarity with animals that are more phylogenetically distant to the crayfish, this is because up to the date of our analysis, there had been no available sequences for crustaceans in the GenBank database to make comparisons; however, the family signatures and conserved domains allowed us to complete the annotation. Table 1 includes 16 components that participate in the coagulation and melanization mediated by the prophenoloxidase-activating system (proPO) that has been characterized in several species of crustaceans [33] [34] [35] [36] . It can be seen in this table that we identified the precursor of the receptor beta-1,3-glucan-binding protein, several enzymes, and regulators evolved in this system [37] . Of this group of transcripts that we identified in P. clarkii, only prophenoloxidase had been previously reported for this species in GenBank [38] . We obtained a sequence of 459 aa that showed a similarity of 88% with the sequence of 627 aa previously reported, and it may be that this sequence is the second prophenoloxidase as it has been found in the other two decapods: Penaeus monodon and Litopenaeus vannamei [39] [40] [41] [42] .
Components Identified Related to the Coagulation and Melanization Immune Pathway
The transglutaminase sequence deduced from the P. clarkii mRNA exhibited the highest homology with the transglutaminase of Pacifastacus leniusculus, which has been cloned and extensively characterized [43] . It also has a homology greater than 70% with the sequences reported in several shrimp and crab species [44] . Table 1 also includes some regulators such as pacifastin, and fortunately we found both heavy and light chains, previously characterized in the hemolymph of the crayfish Pacifastacus leniusculus [45] . It is important to highlight that in this group, we also included alpha-2-macroglobulin because its modulating action was recently characterized in the proPO system of the shrimp Litopenaeus vannamei [46] . Hall et al. characterized the clotting protein precursor in Pacifastacus leniusculus with 1721 aa [47] . The sequence of P. clarkii has a 73% similarity with the prawn Pacifastacus leniusculus, 39% similarity with the kuruma prawn Marsupenaeus japonicus, and 38% with the white shrimp Litopenaeus vannamei [48] . These results are important as it makes it evident that even among crustaceans, there are particularities that may require further analysis. Integrins are cell adhesion molecules that mediate cell extracellular matrix and cell-cell interactions. They contain both alpha and beta subunits.
Pattern Recognition Receptor and Apoptosis Components Identified in Crayfish
A group of several sequences described as pattern recognition receptors (PRR) and some elements involved in apoptosis are described in Table 2 . Out of the 15 transcripts in this group, seven sequences were heat shock proteins (HSPs); only one sequence identified for us in P. clarkii had been previously reported for this species, with the other six sequences having a high similarity with several species of Decapoda and with Philodinia roseola, a microscopic animal component of zooplankton found in inland waters. For the other eight sequences, only calmodulin has been annotated in GenBank for P. clarkii, which was isolated from the axial abdominal crayfish muscle [49] ; there is only one aa of difference with the sequence identified by us in the abdominal cord. 
Complement Pathway Components Identified in Crayfish
We also identified 18 transcripts that participate in the complement pathway (Table 3) . In this group, the activating transcription factor 4 is the only gene that has been previously reported for P. clarkii; the transcript that we identified recently had a 99% similarity with the one previously studied [50, 51] . The remaining sequences shown in this table have been not identified in P. clarkii up to the date of the manuscript being sent; even for this group, several sequences have only been characterized in insects as can be seen in Table 3 , thus the sequences that we report here are the first references for decapods. 
Endocytic Route Components Identified in Crayfish
We describe in Table 4 several components of the endocytic pathway and other proteins involved in controlling pathogenic agents once they have been internalized to host cells through lysis processes. We also included some transcripts that participate in the endocytic pathway characterized during viral infection in Cherax quadricarinatus [30] . The seven transcripts included in Table 4 present a high similarity with different crustaceans, but we did not find homologous sequences for P. clarkii. 
Anti-Microbial Peptides Identified in Crayfish
In the following table, we included five sequences that we identified in the transcriptome of the abdominal cord of P. clarkii (Table 5) ; four of them have been previously reported and have high homology, such as Crustin 2, and we identified both sequences previously reported. There is good evidence that the Toll4 receptor is a regulator of the expression of antimicrobial peptides termed as the anti-lipopolysaccharide factor (ALF). For the P. clarkii species, 11 sequences of ALF, identified as ALF1 to ALF11, have been reported [53] ; we identified a sequence composed of 438 aa that represents only a 44% similarity with ALF 10, which is a peptide of 242 aa length, and we reported this new transcript as ALF12.
The lysozyme sequence identified by our group had a 48% similarity with the sequence previously reported, which suggests that we have identified a new isoform of the known sequence.
Toll, Immune Deficiency Pathway, and Ubiquitin-Proteasome System Components Identified in Crayfish
In Table 6 , we list 19 transcripts involved in the Toll and Imd pathway that we identified in P. clarkii, of which only two sequences have been registered in GenBank for this species. One of these sequences represents a 99% similarity with the NF-kappa B transcription factor ID AGZ84432.1; nevertheless, the sequence obtained by our group adds 33 aa to this existing sequence. The other sequence, the ubiquitin-conjugating enzyme E2 UBC9 had a 99% homology and was previously characterized in P. clarkii during a viral infection [54] . This table also includes 12 elements of the ubiquitin-proteasome system that we identified in Procambarus clarkii and annotated in GenBank; this system is crucial for the maintenance of cellular integrity and may play an important role in stress resistance and shrimp pathogen defense [55] . In the abdominal nervous cord of P. clarkii, several subunits of proteasomes that integrate the 26S complex as demonstrated in humans have been identified [56] , and five sequences of this system have only been reported in insects. 
Discussion
Characteristically, invertebrates only possess mechanisms of innate immunity, both cellular and humoral, that are apparently activated depending on the pathogens involved [57, 58] . The mechanisms of innate humoral immunity include coagulation of the hemolymph, melanization, lysosome synthesis, and antimicrobial peptides, reactive oxygen species, and reactive nitrogen species generation as well as proteolytic enzymes synthesis. In general, these defense mechanisms are triggered by the activation of the pathogen recognition receptors (PRR) [59, 60] .
Unlike other decapod species, basic knowledge of the molecular characteristics of the immune system of Procambarus clarkii is scarce. In the present work, we identified 80 abdominal cord transcripts related to the immune system pathways of various invertebrates; only six of these represented a match of 99-100% with the previously reported sequences in GenBank, with the other 74 sequences being reported for the first time in this species.
Shen et al. provided a comparative analysis of the transcriptome of muscle, ovary, testis, and hepatopancreas in P. clarkii [61] . Their investigation had only 330 ESTs and 547 nucleotide sequences as a background; these had been deposited in GenBank up until July 2014 for this species, and the authors noted that very few genetic markers had been discovered for P. clarkii until that date, although in recent years, the transcriptomes of various organs have been published, such as microRNAs potentially related to immunity [62] , the lymph organ [63] , testis, and ovary [64] . The number of sequences currently published in GenBank is 801 ESTs; hence, there is a need to carry out assembly and bioinformatic analysis of these sequences to provide easy access to all researchers and advance study at the molecular level of any organism.
We found a high similarity when comparing our sequences of P. clarkii with other sequences previously reported by different authors, allowing us to infer the accuracy of the sequences obtained by NGS with the Illumina protocol that we used. Thus, we consider that the sequences we are reporting on are sufficiently accurate and reliable to be considered as a starting point for functional studies.
It can also be observed that in a large proportion of the transcripts that we identified, the best match was with a crustacean amphipod, Hyalella azteca. This result may be because up to the date of preparation of this work (June-July 2018), there had been no reported sequences for any other decapod species, such as crabs, lobsters, and prawns. So far, we have reported some elements that participate in the immune system by identifying all sequences in the abdominal ganglionic cord transcriptome; it is likely that the hemolymph present in the interstices allowed us to identify various elements generally described in the hemocytes.
It is true that many sequences have been identified in the databases and confirmation of functional actions is required. However, the analysis of the transcriptome allows for the identification of highly conserved sequences through different arthropod kinds and increases our knowledge regarding diverse aspects. For example, in the heat shock protein 70 (Hsp70) sequence with accession number MG910465 (Table 3) identified during this work, the signature domain endoplasmic reticulum targeting is present, a characteristic sequence of proteins that permanently resides in the lumen of the endoplasmic reticulum (ER) [65, 66] .
In other cases, it allows us to complement existing sequences, such as in the sequence for the nuclear factor NF-kappa B; in GenBank, there is a sequence of 581 aa for P. clarkii [67] with access number AGZ84432.1. The sequence that we reported had 614 aa, with an addition of 33 aa to the existing sequence, with the additional amino acids making up the profile identified in Expasite Prosite as PS50322 GLN:RICH glutamine-rich region profile.
The present analysis even helped us to specify point mutations. In Procambarus clarkii, we identified two Crustin 2 sequences that differed only in two amino acids at positions 9 and 49. Interestingly, in GenBank, there were two sequences for Crustin 2 reported by two different authors that differed in these same positions; therefore, each of the Crustin 2 sequences that we identified had a 100% match with each sequence; one of them with access number AEB54630.1 [68] and the sequence with ID ACY64752.1 [69] . This background suggests that they are isoforms for the same antimicrobial peptide Crustin 2, and that both isoforms probably coexist in the abdominal ganglion.
Transcriptome analysis rapidly generates the addition of new sequences for important protein families, such as in the case of lectins. There was one 125 sequence of C-type lectin reported in crustaceans in GenBank, seven of them in P. clarkii. In this work, we report two new sequences expressed in the abdominal ganglion cord.
GenBank is a public database of nucleotide and amino acid sequences, and is the most important tool globally because it makes sequences accessible to those who do not have extensive knowledge of bioinformatics and avoids repetition of sequences that have already been described. It further allows the design of some tools directed at the molecular level in highly specific studies, identifying in silico the functional domains of interest, and even establishing probable cellular locations.
It is essential to analyze sequences generated from NGS technologies to publish predicted proteins more quickly in databases as accessible as the NCBI. We expect that the development of the present work will allow the accessibility and diffusion of the recently obtained data and influence the development of new strategies for the study and control of illnesses of the crayfish Procambarus clarkii, such as the RNA interference (RNAi), one potential mechanism considered for the development of strategies for the treatment and control of the disease of farmed aquatic animals. The RNAi is based on their sequence specific ability to silence target genes, therefore, knowledge at a molecular level of the elements involved in the host-pathogen interaction is crucial to develop efficient strategies [70, 71] .
Conclusions
In this work, we identified and characterized for the first time 74 sequences in the transcriptome of the abdominal ganglion cord of the crayfish Procambarus clarkii. We used bioinformatic analysis to identify and establish the presence of the domain profile and homology of our sequences with sequences already existing in the GenBank database. All these new sequences have functional activity in the immune system of several invertebrates, and most of these transcriptomic sequences constitute the first reference of components that participate in the functional immune system pathways of the crayfish P. clarkii. We have reported these new sequences in the GenBank database from NCBI to make high-quality sequences available and facilitate their comparative phylogenetic analysis in future studies at the molecular level. In addition, from these sequences, functional studies can be carried out for this species, which has only been scarcely studied until now.
